ABSTRACT: Cardiomyopathy syndrome (CMS) is a severe cardiac disease of sea-farmed Atlantic salmon Salmo salar L., but CMS-like lesions have also been found in wild Atlantic salmon. In 2010 a double-stranded RNA virus of the Totiviridae family, provisionally named piscine myocarditis virus (PMCV), was described as the causative agent of CMS. In the present paper we report the first detection of PMCV in wild Atlantic salmon. The study is based on screening of 797 wild Atlantic salmon by real-time RT-PCR. The samples were collected from 35 different rivers along the coast of Norway, and all individuals included in the study were classified as wild, based on visual appearance and scale reading. Two samples tested positive during PCR analysis, and the results were confirmed by sequencing.
INTRODUCTION
Cardiomyopathy syndrome (CMS) is an inflammatory heart disease, primarily affecting farmed Atlantic salmon, Salmo salar L. The disease was first detected in Norway in 1985 (Amin & Trasti 1988) and has since been diagnosed in farmed Atlantic salmon at the Faeroe Islands (Poppe & Sande 1994 , Poppe & Seierstad 2003 and in Scotland (Rodger & Turnbull 2000) . A disease resembling CMS has also been described from British Columbia, Canada (Brocklebank & Raverty 2002) . In 2003 the first cases of CMS-like lesions in wild Atlantic salmon were reported (Poppe & Seierstad 2003) .
CMS is most commonly diagnosed during the late sea-water phase in farmed salmon and is thus a disease causing considerable losses for the affected farms and the industry (Brun et al. 2003) . The clinical features of CMS vary from acute death without prior clinical signs to elevated mortality with nonspecific signs such as impaired or abnormal swimming behaviour. The CMS diagnosis has so far been based on detection of characteristic inflammation and degeneration of spongy myocardium in the atrium and ventricle during histopathological examination. Secondary findings are multifocal liver necrosis, indicative of chronic passive congestive circulatory disturbances (Amin & Trasti 1988 , Ferguson et al. 1990 , Fritsvold et al. 2009 ).
Several hypotheses on the aetiology of CMS have been presented but even in the first description a viral aetiology was suggested (Amin & Trasti 1988) . This was based on the presence of eosinophilic inclusions in nuclei of myocardial fibres in the vicinity of degenerated areas. Experimental transmission studies have supported this hypothesis (Bruno & Noguera 2009 , Fritsvold et al. 2009 , and in 2010 a doublestranded RNA virus tentatively of the Totiviridae family was described as the causative agent of CMS (Løvoll et al. 2010 , Haugland et al. 2011 .
Several authors have expressed concern about CMS as a potential threat to wild Atlantic salmon populations (Rodger & Turnbull 2000 , Poppe & Seierstad 2003 , and the identification of a causative agent has made it possible to screen wild and farmed populations. The aim of the current study was to determine if PMCV is present in wild Atlantic salmon populations and to evaluate the potential role of wild salmon as a virus reservoir. The study is based on screening of wild Atlantic salmon by real-time RT-PCR, and we report the first cases of PMCV in wild Atlantic salmon.
MATERIALS AND METHODS

Study sample
Our sample set included 797 wild Atlantic salmon caught in 35 Norwegian rivers during the period 2007 to 2009 ( Table 1 ). The sample set is a subset of the sample collection described by Garseth et al. (Garseth et al. 2012) . Out of the total, 736 salmon were caught as brood fish by local stock enhancement hatcheries or as part of the restocking activities of the Norwegian gene bank programme for wild Atlantic salmon (http://english-test. dirnat. no/ content. ap? this Id= 1003550& language=3). These brood fish were caught in 31 different rivers by rod, electrofishing or net during September to November and were kept in freshwater tanks onshore or in cages in the rivers until stripping. Samples from brood fish were collected by authorised fish health personnel during routine post mortem examination and health control. Another 61 salmon were caught in 4 rivers during recreational and commercial fishing by rod and bag nets in 2008. The purpose of this sampling was disease surveillance in wild populations during infectious salmon anemia (Nord-Trøndelag) and viral hemorrhagic septicemia (Møre & Romsdal) outbreaks in aquaculture sites in the vicinity of the rivers. Fish caught during recreational and commercial fishing were euthanized immediately and sampled by lay personnel trained by fish health professionals from the Norwegian Veterinary Institute (NVI). Head-kidney samples were fixed in RNAlater (Ambion) and sent frozen on ice to the NVI for further analysis.
All salmon, regardless of origin, were subjected to extensive registration and scale reading (Antere & Ikonen 1983 , Lund & Hansen 1991 , Fiske et al. 2004 . Individual information, such as origin (river), classification based on scale reading, sex, body length, weight, smolt-age, winter−sea-age and post mortem findings were recorded in a database. Salmon classified as released from stock enhancement hatcheries (cultivated salmon), escaped from aquaculture facilities or those that could not be classified during scale reading were omitted from the study. Hence, all 797 salmon included in this study were classified as wild.
RNA extraction, real-time RT-PCR and sequencing
RNA was isolated from head kidney tissue and analysed by use of a PMCV-specific real-time RT-PCR assay (Løvoll et al. 2010) . RNA was extracted as described in Garseth et al. (2012 To perform the magnetic based separation, a KingFisher (Labsystems Oy) was used. After elution, the RNA concentration and purity was measured by use of a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). All samples had OD260/280 ratios between 1.8 and 2.2. Between 500 and 1000 ng RNA was added to the reaction and the real-time RT PCR protocol was performed with forward primer TTC CAA ACA ATT CGA GAA GCG, reverse primer GTA GCC AAG TGG GAG AAA GCT and probe FAM-CTG GCC ACC ACT TCG A− MGBNFQ (all written in 5' to 3' direction). The Qiagen OneStep RT-PCR kit (Qiagen) was used with primer concentrations of 500 nM, probe concentration 300 nM and the following PCR cycle: 30 min at 50°C (reverse transcription), 15 min at 95°C (inactivation of reverse transcriptase and activation of hotstart), followed by 45 cycles of 15 s at 94°C (template denaturation) and 1 min at 60°C (primer annealing and elongation). Samples with threshold cycle (C t ) values below 40 and an exponential curve were regarded as positive, and samples with C t values equal to or higher than 40 were regarded as negative. Samples that were PCR-positive were further investigated by sequencing. Partial sequences for all 3 open reading frames (ORFs) in the PMCV genome (Haugland et al. 2011) were derived using direct sequencing of PCR products. The Qiagen OneStep RT-PCR kit was used with final primer concentrations 600 nM and the following PCR cycle: 30 min at 50°C (reverse transcription), 15 min at 95°C (inactivation of reverse transcriptase and activation of hotstart PCR DNA polymerase), 30 s at 94°C (template denaturation), 1 min at 55°C (primer annealing), 1 min at 72°C (primer elongation; 45 cycles total) and a final elongation step (3 min at 72°C). ORF2 (RNAdependent RNA polymerase; GenBank accession NC_015639) was amplified using the primers described in Tengs & Böckerman (2012) . ORF1 and ORF3 (coat/structural proteins) PCRs were performed using the newly designed primers PMCV_ ORF1f (CGA CGA CCG AAC AAT TGG AC) in combination with PMCV_ORF1r (CCT CTC ATC ATG GAC TCA GGT TG) and PMCV_ORF3f (AAT GGT GTTT GTG CAC TGC AG) combined with PMCV_ ORF3r (TGG AGG GCG TGG CTC TAA C), respectively. Excess nucleotides and unincorporated primers were removed using ExoSAP-IT (GE Healthcare), and purified PCR products were sequenced according to the method of Sanger using the PCR primers.
RESULTS AND DISCUSSION
In studies concerning wild salmonid populations, having some means of distinguishing wild subjects from subjects escaped from aquaculture sites is important. In Poppe & Seierstads (2003) on CMS-related lesions in 4 wild Atlantic salmon, 2 of the salmon were among 50 salmon caught in the River Namsen and 2 were part of a catch of 9 salmon that were caught in traps outside the coast of Nordland. Salmon caught in Namsen were classified as wild based on external appearance and scale reading, while salmon caught in Nordland were assumed to be wild based on external appearance and lack of post-immunisation peritonitis. In the current study all salmon were classified as wild based on both external characteristics and scale reading. In addition, the fish health personnel that performed the post mortem examinations did not report post-immunisation peritonitis in the tested subjects.
A total of 797 wild Atlantic salmon were tested and 2 of these were PMCV-positive (Table 2) with C t values of 24.9 and 29.2. Both samples came from brood fish, but neither of them displayed gross pathology resembling CMS. This corresponds to 0.25% of our samples. Although our samples had been collected from all along the Norwegian coastline, the 2 positive samples came from locations that were in proximity to each other (Fig. 1) The tissue distribution of PMCV in infected salmon is not completely mapped. Thus, other organs than head-kidney could be more suitable for screening (Løvoll et al. 2010 , Wiik-Nielsen et al. 2012 and give different results. In addition, most of the sampled fish were returning spawners, and the virus may be more prevalent in other life history stages of wild salmon.
A relevant question is whether the presence of PMCV in these samples indicates a potential viral reservoir in wild salmon (relevant for CMS in fish farms), or whether these have fish have simply been infected by being in proximity to either infected wild marine fish or PMCV-positive, farmed fish populations. During real-time RT-PCR screening of more than 30 marine fish species Böckerman et al. (2011) detected PMCV in Atlantic argentine Argentina silus Ascanius. However molecular epidemiology indicates that PMCV found in A. silus represents a distinct genotype compared to PMCV detected in farmed Atlantic salmon (Tengs & Böckerman 2012) . According to the records of NVI, CMS was diagnosed in May 2007 in fish from a sea farm in the outlet of the Sognefjord where the River Årøy is situated. The local fish health service describes this as an insignificant incident with regards to morbidity and mortality. There are no NVI-records of CMS in sea-farms in the Førdefjord outside the inlet of River Nausta. The local fish health service has suspected a CMS diagnosis in several sea-farms during the period 2006 to 2008, but the outbreaks were eventually diagnosed as heart and skeletal muscle inflammation (HSMI) or 'not conclusive'. Thus, there is no clear evidence of a high infection pressure of PMCV from farmed salmon in these areas at the relevant time.
Sequencing revealed that both isolates from wild salmon were > 99% similar to the PMCV genome sequence reported by Haugland et al. (2011) (GenBank accession numbers JQ745675-JQ745680). Using this genome as a reference, Isolate 1198 had a partial ORF3 se quence that was identical to the reference genome, but in both isolates a small number of unique single nucleotide differences were detected in the other 2 ORFs. Little is known about the molecular epidemiology of PMCV, but when more data become available it might be possible to determine whether the genotypes we have encountered represent 'wild' populations of the virus or whether it is more likely that the fish were infected by PMCVpositive farmed salmon.
Studies of farmed salmon indicate that viral RNA from PMCV can be present several months before a CMS outbreak (Wiik-Nielsen et al. 2012 ) but also that presence of PMCV is closely linked to development of disease (Løvoll et al. 2010 , Haugland et al. 2011 . CMS is a severe condition affecting the myocardium and one would expect wild fish with CMS to either die or to have reduced cardiovascular capacity, thus being less capable of returning to rivers where the sampling was conducted. Hence, the detected occurrence of PMCV in wild brood fish may be an underestimate. The results from the current study indicate a limited occurrence of PMCV in wild adult migrating Atlantic salmon, and wild Atlantic salmon at this life history stage seem unlikely to play a major role as a reservoir for the virus. 
